Some point defects (i.e., oxygen vacancies) create deep trapping levels in the bandgap of the paraelectric phase ferroelectric crystals. Under applied DC field the traps release electrons via the Poole-Frenkel mechanism and become charged. The electric field of a point charge polarizes the crystal locally reducing its permittivity. In this paper a simple theory is proposed for calculating the DC field dependent apparent (measureable) permittivity of a paraelectric crystal with point charge defects. It is shown that the apparent permittivity of a paraelectric crystal may be sufficiently lower as compared with the defectless crystal. This reduction is in addition to the possible reduction of the apparent permittivity associated with the interfacial "dead" layers and strain.
I. INTRODUCTION: NEGATIVE EFFECTS OF THE OXYGEN VACANCIES IN AGILE MICROWAVE DEVICES
The point charge defects in an isolating perovskite paraelectric have substantial negative impact on the performance of the devices. Investigations of the electrical and optical properties of SrTiO 3 (STO) thin films show, 1 that there is a series of deep-level trapping states with energies in the range of W v þ2.4 eV to W v þ3.15 eV and a series of shallower traps near the conduction band edge in the range of W c -W t ¼ 0.06-0.4 eV. These electron traps are attributed to oxygen vacancy or iron transition-metal/oxygen vacancy defects. The point charge concentration ranges from 10 14 to 10 18 cm 3 in the as-grown films. Oxygen vacancies are the most common in perovskites. 2 In agile microwave devices (i.e., varactors, film bulk acoustic wave resonators, FBARs) based on paraelectric phase ferroelectrics, the oxygen vacancies cause high RF and DC leakages currents, microwave losses, 3 and distortion (hysteresis) of C-V, 4, 5 tand-V, 6 and I-V (Ref. 7) dependencies. In memory applications the oxygen vacancies cause fatigue. 8 Perhaps the point charge defects should be kept responsible for 1/f noise too.
The hysteresis effects (non-return capacitance) in paraelectric single crystal STO are explained by excess bulk (volume) charges. 5 More recently the hysteresis effects are explained by dynamics of the point charges (i.e., oxygen vacancies) at electrode-ferroelectric interfaces. In spite of extensive discussions of this issue, to the best of the author's knowledge, no models of dielectric permittivity including charged point defects in the bulk (bulk traps) of the paraelectrics are reported. In this work a simple model of the point charges (i.e., oxygen vacancy) in an isolating paraelectric phase ferroelectric is considered. It is assumed that without externally applied electric field the vacancy is neutral due to trapped electrons. Under applied external electric field the electrons are de-trapped and the electric field of the charged vacancy polarizes the surrounding crystal locally reducing its permittivity. Analytic approximations for the DC bias dependent apparent dielectric permittivity of the crystal with these locally reduced permittivity regions are proposed.
II. PHYSICAL MODEL OF A CHARGED POINT DEFECT IN AN ISOLATING PARAELECTRIC PEROVSKITE
In the experiments with pulsed tuning of ferroelectric varactors 9 the increased relaxation times (>100 s), after the threshold fields about 15 V/lm, are clearly associated with the Poole-Frenkel emission of the charge carriers and generation of charged defects with rather long carrier capture times. It is suggested, based on a separate experiment 10 that the UV illumination generates excess charge carriers that screen these charged defects. Thus, these experiments show that in a good quality insulting paraelectric film the concentration of the background charge carriers is not sufficient (without UV illumination) for screening of the charged defects.
The screening, even though possible, does not seem to be the main mechanism of reduction of the long relaxation time. An alternative interpretation, based on trapping/ de-trapping mechanism, is proposed in this work. The excess carriers increase the trapping rate thereby decreasing the number of charged defects and hence the relaxation time. The extreme relaxation times (hours and days) associated with migration of the charged vacancies (i.e., oxygen vacancies 11 ) are not considered here. The relatively high relaxation times 9,10 may be explained by the high permittivity, e, and low conductivity, r, of the insulating paraelectric characterized by the Maxwell relaxation time s M ¼ ee o /r ¼ ee o /lqn c . Here e o ¼ 8.86 Â 10 À12 F/m, q is the electronic charge, n c and l are, respectively, the free electron density and mobility. For example, for pure STO with e ¼ 300, r ¼ 10 À12 S/m the relaxation time is s M ¼ 2655 s! A simplified model of an oxygen vacancy in a cubic perovskites is shown in Fig. 1 . Finding the distribution of the electric field and permittivity around a charged point defect is essentially a three dimensional (3D) problem. It may be solved using modern computer intensive methods like density 0021-8979/2011/110(9)/094110/11/$30.00
V C 2011 American Institute of Physics 110, 094110-1 function method (DFM). 12 Here an attempt is made to reduce the 3D problem into simple 2D and 1D problems allowing development of an analytic approximation for the distribution of the dielectric permittivity surrounding the charged point defect. First, a charged defect in the absence of the external electric field is considered to evaluate the internal field in its surrounding. Next, the Poole-Frenkel de-trapping mechanism is assumed to evaluate the 1D local field along the externally applied electric field. Then these field distributions are used to calculate permittivity distributions along the external field and in the plane perpendicular to it. As an example, oxygen vacancies in the STO are considered.
III. POINT CHARGE DEFECT WITHOUT EXTERNAL FIELD
Below the activation temperature, T < T a , and without external electric field the oxygen vacancy in the STO is neutral 13 (due to trapped electrons) and causes elastic deformation of the lattice. In the energy diagram is characterized by a deep level W t , Fig. 2(a) . Above the activation temperature the electrons are de-trapped and the vacancy is positively charged. It causes polarization of the surrounding lattice ( Fig.  2(b) ) and local bending of the conduction band ( Fig. 2(c) ).
In general, the electric field around has a complex space distribution judging from the locations of the ions in the unit cell of the crystal, Fig. 1 . For simplicity a spherical symmetry is assumed where no external field is applied. The point charge may be screened by free electrons or by the polarization field surrounding it. In a paraelectric with some finite conductivity (concentration of free electrons n c ) the screening radius (electron cloud) is given by Debye length,
Due to the very low n c and high permittivity the screening length is very large. This case is not considered in this work.
In an isolating paraelectric, a point charge, i.e., oxygen vacancy, is screened by the polarization field. 
In this equation q(r) is the charge density in C/m 3 , and the permittivity is field dependent. For a simple case the permittivity is given as eðE; rÞ ¼ eð0Þ
Here A ¼ 3b(e o e(0)) 3 and e(0) is the permittivity at zero bias. For SrTiO 3 . For the considered point charge the charge density may be represented in the form of a delta function or as a Gaussian distribution,
where r is standard deviation, Q is the charge. Using Eqs.
(2)-(4) leads to the following form of the Poisson's equation:
Using the method of separation of variables one arrives at the following 1D solution:
Index int indicates the internal electric field created by the point charge itself, as opposed to the externally applied field , is also given for e ¼ 300. In both cases the fields decay rapidly away from the point charge and becomes close to zero at some distance from it. This is the distance where the field of the point charge is practically compensated (screened) by the field of the induced dipoles. The screening length is shorter and the field reduction is sharper for the nonlinear dielectric. In contrast to an ordinary linear insulator, in a nonlinear insulator the field of the point charge reduces the permittivity which leads to reduction of the screening radius. In other words most of the "voltage" (field induced by point charge) drops on the low permittivity regions closer to the point charge. Formally the same electric field and dipole moment distribution may be generated by fictitious negative charges, q i , such that q iþ1 j j < q i j j (Fig. 4(b) ). And then the point charge and its polarized surrounding may be represented in the space charge approximation (Fig. 4(c) ) where the point charge Q is screened by a sphere of negative charges with a radius,
where N eff is the concentration of the fictitious polarization charge in a sphere with radius L r surrounding the point charge, Fig. 2 (b). The absolute amount of this negative charge is the same as the total charge of the oxygen vacancy after de-trapping. The effective concentration of the polarization charges in the sphere of radius L r is
For neutral, single, and double charged oxygen vacancies, respectively, i ¼ 0, 1, 2. Only i ¼ 2 is considered in this paper. Using Eq. (8) in Eq. (7) results in
For an oxygen vacancy in the STO with Q ¼ 2q using Eqs. (3), (6), and (9) at E int ¼ 0 limit yields L r % 2.0 nm, which is in a good agreement with the field distribution shown in Fig. 3(a) .
IV. CHARGING THE POINT DEFECT BY POOLE-FRENKEL DE-TRAPPING
Figures 5(a) and 5(b) illustrate the structure of a paraelectric crystal including a neutral oxygen vacancy and the conduction band at relatively low external fields.
At applied fields, where qE exceeds the activation energy the electrons are de-trapped. The vacancy gets charged, polarizing the crystal predominantly along the applied field (x, Fig.  5(c) ). The deformation of the conduction band, distribution of the charges and magnitude of the electric field are shown in Figs. 5(d)-5(f). Following Lapascu 14 it is assumed that the component of the applied electric field normal to the x axis (caused by the induced anisotropy of the permittivity) is negligible. In other words in the plane perpendicular to the direction of the applied field the local field distribution is still given by Eq. (6) and along the x axis (direction of the external electric field) it is characterized by a cylindrical symmetry.
Since the argument of the tan function in Eq. (6) is small the field distribution may be simplified to
where the effective distance from the point charge is given by
The form of Eq. (10) is similar to the field distribution induced by a point charge Q in an ordinary linear dielectric,
). However, the effective distance x e changes much faster than x itself. Under an applied x-direction external electric field E ext the local field distribution in the vicinity of the charged defect is
where "þ" is taken for the field on the left and "À"on the right sides of the defect corresponding to the graphical presentation in Fig. 5 . In general the internal E int field is given by Eq. (6) but Eq. (10) is a rather good approximation. The distribution of the permittivity under external field is eðE; xÞ ¼ eð0Þ
The local field distribution on the left-hand side of the charged vacancy calculated by Eq. (10) is shown in (10) is used in Eq. (13) for calculation of the permittivity distribution depicted in Fig. 6(b) . As expected, it decreases going toward the charged defect. At the same time it is constant at some distance L L away from the charged vacancy where it decreases with increasing external bias as in the STO without charged defects. Below the distance L L the internal field dominates resulting rapid decrease in permittivity. As a first approximation L L may be estimated using the space charge formality considered above. The external field expands the length of the space charge region. Using Eq. (9) its expansion may be given by
The local field distribution on the right-hand side is shown in Fig. 7(a) . At some distance, L R , the internal field is fully compensated by an external applied field leading to increased permittivity near the point charge as it is seen in Fig. 7(b) . From the condition E loc ¼ 0, Eqs. (10) and (11) one has
At this distance the permittivity takes the value e(0) as it follows from Eqs. (12), (13), and Fig. 7(b) . For x<L R the permittivity decreases rapidly under dominant internal field, while at x>L R the external field dominates. Again, far away from the defect the permittivity is independent of the coordinate x and decreases with increased external bias as in the STO without changed vacancies. The DC bias dependent screening lengths L L and L R are shown in Fig. 8 . As it is seen from Eqs. (14), (15) 
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increasing E ext leads to increased L L and reduced L R . The external field dependence of the total length of the reduced permittivity region around the point charge, L x ¼ L L þL R , is shown in Fig. 8(c) . Its initial reduction is associated with the reduction of L R , Fig. 8(b) . After reaching L R ¼ 0, the increase in L x is associated with expansion of the L L . The external filed changes not only the lengths of the polarized regions, but also the permittivity in these regions-considered in the next section.
V. APPARENT (MEASUREABLE) PERMITTIVITY
For modeling the effects of trapping/de-trapping on the apparent permittivity an average permittivity of the polarized region is introduced. It follows from Eq. (10) that the electric field at the limit x ¼ 0 is extremely large and the permittivity tends to be zero. However, calculation of the permittivity in this limit may not be done using Eq. (3) since it is valid for low electric fields. Moreover, the permittivity is not defined for the distance less than the inter-ionic distance in the unit cell. An analytic expression for the average permittivity, e CD , of the polarized region may be found using a simple linear interpolation: e CD ¼ (e max À e min )/2 % e(E,x)/2, where e(E,x) is the bias dependent permittivity at x% L L and L R boundaries. Averaging the permittivities on left and right and considering them as two serially connected capacitors leads to the following average field dependent permittivity:
As discussed above, the component of the electric field associated with the expansion of the polarized region in the plane perpendicular to the x-axis may be ignored and the polarized region is represented as a cylinder with radius L r and height L x , Fig. 9(a) , having an average permittivity e cd given by Eq. 
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of them may be represented by a volume shown in Fig. 9(b) . By considering the equivalent capacitances of its different parts, Fig. 9(c) , and the total capacitance between the virtual plates the apparent permittivity may be approximated as 
where L r is given by Eq. (9), e(E ext ) is given by Eq. (3), and the bias depended average permittivity in the vicinity of the charged defect is given by Eq. (16), L x ¼ L L þL x . Equation (17) is valid for small filling factor L x Â (n t ) 1/3 <1, i.e., where the charged defects do not interact. The concentration of the charged defects is a function of the applied field, n t ¼ n t (E ext ), and activation energy of the traps. These dependencies are considered in the next section.
VI. DC BIAS DEPENDENCE OF THE CHARGED DEFECT CONCENTRATION
The dielectric model considered above is within the low frequency (microwave) limit where the permittivity of the paraelectric is associated with the ionic polarization. It is frequency independent below the soft mode frequency. This includes also the polarized surrounding of the point charges, i.e., after de-trapping of the electron. On the other hand the Poole-Frenkel model, considered below, is based on the hydrogen model where the defect with the bounded (trapped) electron is immersed into a dielectric. In this model the point charge with the bounded electron (i.e., before de-trapping) represents an "oscillator" that contributes to the dielectric permittivity in the optical limit, i.e., well above the soft mode. In other words, it is associated with the electronic polarization. Thus, in contrast to the microwave permittivity used in the dielectric model above, in the Poole-Frenkel model considered below, the permittivity is taken in the optical limit (e opt ) and it characterizes only the charge de-trapping process, not the dielectric permittivity at microwave frequencies.
Under an applied external field, E ext , some electrons are released from the traps. For a single trap with energy W t the electron capture, r cE , and emission, r eE , rates (by the traps) are given by
where
N t is the total (neutral and charged) density of the point defects, r c is the capture cross section, v th ¼ (3KT/m*) 1/2 is the thermal velocity of the electrons, f(E ext ) is the field dependent electron distribution function (probability of an electron having energy W t ), n c is the free electron concentration at the presence of the field. The free electrons are injected from the Schottky barriers (electrodes used for DC bias), and partly from the deep level traps. is the "attempt to escape" frequency which is connected to relaxation time with the relationship,
Practically the optical dielectric permittivity, e opt , is independent of the applied DC bias. Note that in Eqs. (19)- (21) the electric field, E ¼ E ext , since the permittivity, e opt , is associated with the electronic (not ionic) polarization. In steady state conditions r cE ¼ r eE and the field dependent distribution function f(E ext ) becomes
Hence the external field dependent density of the charged vacancies is
As it follows from Eqs. (22) and (23), with increasing the external field f(E ext ) decreases leading to an increased density of charged defects which results in a reduction of the apparent permittivity according to Eq. (17).
VII. RESULTS AND DISCUSSIONS

A. Numerical results
The materials parameters used in calculations are given in Table I . First, for an estimation of the maximum value of the non-return capacitance (permittivity) the bias dependence of the density of the charged carriers is considered, i.e., in Eq. (17) n t ¼ const is assumed. The non-return permittivity is defined as De(n t ) ¼ [e(0) À e ap (0,n t )]/e(0). As it is seen from Fig. 10(a) for densities n t < 10 22 m À3 the effect of the point charges on the apparent permittivity is negligible at all bias fields. The dependence of De on the density of the charged defects is shown in Fig. 10(b) . A substantial reduction of the apparent permittivity may be expected due to the charged defects. This is in addition to the possible reductions due to the interfacial"dead" layers 16, 17 and/or misfit strain. 
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. The estimated density of the injected via Pt/STO barrier electrons is in the range of 10 5 -10 7 m À3 which is not sufficient for effective neutralization (trapping) of the charged defects. As it is seen, for the used density of the free electrons, almost all shallow traps are ionized already at very low fields while the deeper traps are only partially ionized even at higher voltages.
Shown in Fig. 12(a) is the dependence of the apparent permittivity on the depth of the trap, W t , for a range of external fields and attempts to escape frequency ¼ 0.1. All traps with W t < 0.1 eV release electrons at all bias voltages considered. In other words they are charged and reduce the apparent permittivity. With increased trap depth, higher voltages are needed for de-trapping. The electrons from the deeper traps, W t >0.6 eV, are not de-trapped and the permittivity is not affected, e ap (E ext ) ¼ e(E ext ), i.e., it is governed by Eq. (3). The voltage dependencies of the apparent permittivity for different trap depths are shown in Fig. 11(b) .
For intermediate trap energies (i.e., W t ¼ 0.4 eV, Fig.  12(b) ) with increasing bias a gradual de-trapping takes place leading to a gradual reduction of the apparent permittivity. In this regard it is interesting to observe the increasing steepness of the e ap (E) in comparison to e(E), i.e., with an ideal crystal, i.e., for a sample with trap energy 0.4 eV, the PooleFrenkel effect driven de-trapping starts at about 15 V/lm and completes at about 60 V/lm. Figures 13(a) and 13(b) depict correspondingly the trap energy and field dependencies of the apparent permittivity for ¼ 10. In both ¼ 1 and 10 cases the deeper (W t >0.6 eV) traps remain neutral and do not contribute in the permittivity reduction at DC bias as high as 70 V/lm while the steepness of the e ap (E ext ) dependence increases with increasing escape frequency . Figure 14 shows the cross section and the C-V performance of a capacitor based on STO films grown on MgO substrates by laser ablation. The thickness of STO films is about 0.5 lm. Thin Au (0.5 lm)/Ti (0.015 lm) layers on top of the STO are used to form symmetric coplanar-plate capacitor structures. The gap width in the capacitors is 2.0 lm. 19 Upon DC bias reversal the capacitance (i.e., the apparent permittivity) gradually decreases. After several cycles of the bias reversal the reduction "saturates" indicating that all electrons from the traps/defects are released. In this case the nonreturn capacitance, DC, is about 1%. Figure 15 shows the cross section and the C-V performance of a parallel-plate Pt/STO/Pt capacitor. Platinized (100 nm thick Pt) silicon is used as the substrate. STO films 
B. Experimental evidence
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(300 nm thick) are grown by laser ablation of a SrTiO 3 target. To keep the parallel-plate structure symmetric a 50 nm Pt layer is deposited on BST film by e-beam evaporation. However, due to the high temperature of deposition of STO film in oxygen ambient the bottom Pt/STO barrier is smeared out and is lower in comparison with the top Pt/STO interface. For this reason the electron injection from the bottom Schottky barrier is more intensive as compared with the top barrier leading to intensive trapping according to Eq. (18) . As a result the number of the charged defects for negative voltages is less and thereby non-return capacitance associated with negative voltage branch is positive (close to zero). In contrast to the previous case no hysteresis is observed for high bias voltages (exceeding 15 V). This indicates that for V > 15 V all traps are charged and the apparent permittivity does not depend on the charged trap density (as for curves with W t <0.4 eV and V > 15 V, Fig. 11(d) ). Figure 16 depicts measured C-V and I-V dependences of a Pt/Ba 0.25 Sr 0.75 TiO 3 /Pt structure. The thickness of the ferroelectric film is 600 nm, and the diameter of the top electrode is 30 lm. In a defectless ideal crystal the dielectric permittivity practically instantaneously follows the changes in the applied electric field according to Eq. (3). In a crystal with traps, additional reduction of the permittivity takes place according to Eq. (17) due to charging of the vacancies. The released due to Poole-Frenkel effect carriers, along with the injected via contacts carriers, contribute in the current in the external circuit. Trapping and de-trapping of the carriers is a dynamic process. With increasing field the number of the de-trapped carriers exceeds the number of trapped carriers resulting in an overall increase in the current. The reduction of the bias field, Fig. 16 , is accompanied with increased trapping rate. However, the number of the charged (de-trapped) vacancies remains rather high since the trapping time is much longer than the scanning time of the bias field. As a result hysteresis appears in the C-V and I-V dependencies with a non-return capacitance DC þ >0. The current at V ¼ 0 (no injection), Fig. 16 , is due to de-trapped electrons. Similar hystereses are observed where the bias field is reversed. However, in this case the barrier height of the injecting bottom contact is lower (due to film growth process related, as described above), which results in more injected carriers and more intensive trapping. As a result the non-return capacitance, DC -<0, and current at V ¼ 0 are slightly higher. The pA scale oscillations in the current are associated with the stepwise changes in the bias voltage (see inset in Fig. 16 ) provided by the measurement instrument (HP4156B). Each DV step releases some electrons increasing the current. In time interval Dt some of the electrons are captured back and the current decreases.
VIII. CONCLUSIONS
The apparent permittivity approximation (17) is useful for the polarized cylindrical shape regions regardless their origin. In reality these regions may be associated with intrinsic defects and dopants. The intrinsic defects, such as vacancies of oxygen and strontium give traps with energies 0.4-05 eV. 20 Some of the vacancies have relatively shallow traps 21 that are partially ionized even without external fields which (perhaps in combination with the interfacial dead layers) reduce the zero bias apparent permittivity of the thin films. The dopants, depending on their valency, act as neutral species, as acceptors, or as donors. 22 In contrast to the bulk single crystal STO, the films are richer in defects, especially at the interfaces with the electrodes. 1 The activation energies and the density of the traps depend not only their nature but also on the film fabrication processes, annealing condition, etc. The detailed study of the nature, density, and activation energies for a given ferroelectric film, 23 taking interactions between the traps with different energies 24 and, in general, the dynamics of trapping/de-trapping process is a subject for extended and dedicated studies and is beyond the scope of this paper. The reduction of the apparent permittivity considered in this work is only due to the charged traps in the bulk of paraelectric crystal. Any possible reduction associated with the interfacial "dead" layers and strain is not considered in this paper. In metal-paraelectric-metal (MPM) structures, such as varactors, the charged defects may be located in the bulk of the films and at the electrode-paraelectric interfaces. 2 Distribution of the oxygen vacancies is not a constant across the film. Typically the density of the oxygen vacancies is higher in the layers interfacing with the electrodes. The dielectric theory of the charged defect proposed in this work may be extended for modeling the effects of the ferroelectric capacitors with interfacial layers. In a simple case an MPM structure may be represented by two interfacial layers with trap densities N t1 and N t2 sandwiching a middle layer with trap density N t . The effective dielectric properties of these layers may be given using the apparent permittivity model developed above.
